We study the interaction of H2, O2, CO, H2O and OH molecules with the vacancy defects of graphene and silicene. Atoms around the bare vacancy reconstruct and specific chemically active sites are created. While H2, O2 and CO remain intact on both pristine graphene and silicene, these molecules can dissociate when they are placed at the close proximity of these chemically active sites and nucleate centers for the hydrogenation and oxygenation. Saturation of the dangling bonds at the defect sites by constituent atoms of dissociated molecules gives rise to significant modification of electronic and magnetic properties. We analyzed the mechanism of the dissociation and revealed a concerted action of surrounding host atoms together with dissociated molecules to lower the energy barrier needed for dissociation. The dissociations of H2O and OH are hindered by high energy barriers. Our study suggests that graphene and silicene can be functionalized by creating meshes of single vacancy, where specific molecules can dissociate, while some other molecules can be pinned.
INTRODUCTION
Recent studies in nanoscale physics have aimed at discovering new monolayer materials and revealing their properties under different conditions. Among these materials, graphene which is a single layer honeycomb structure of carbon, has attracted great interest in various fields ranging from electronics to biotechnology due to its unique properties such as high mechanical strength, chemical stability and exceptional ballistic conductance. [1] [2] [3] Similarly, silicene, a graphene like allotrope of silicon was also shown to be stable when alternating atoms of hexagons are buckled. [4, 5] More recently single and multilayer silicene and its derivatives have been grown on Ag(111) substrate [6] [7] [8] [9] [10] .
Although both theoretical and experimental studies [11] [12] [13] [14] [15] [16] [17] support the stability of graphene and silicene, local defects can always exist at finite temperatures. Among these, the most frequently observed defect type is the single vacancy in single layer honeycomb structures. Vacancy defects in graphene usually emerge during epitaxial growth at grain boundaries or step edges and they alter the properties of the pristine structures significantly. [18] [19] [20] [21] They create localized or resonance defect states, modify the magnetic ground state and distort the pristine, single layer honeycomb structure. Physical methods such as stress, irradiation, and sublimation can also result in a non-equilibrium concentration of such defects. Vacancy defects which are generated for various reasons, may either stay permanent or they may be self-healed under proper external conditions. It was recently observed that graphene self-heals its defects if it is placed in a reservoir with enough host external atoms. [22] [23] [24] . The self-healing may result in perfect honeycomb structure or Stone-Wales [25, 26] type defects may be generated as a result of the healing process. Stone-Wales defects by themselves are healed by the rotation of specific a C-C bond. [21, 27] These observations have also been supported by theoretical studies and a similar self-healing mechanism was proposed for defected silicene [24] . Transmission electron microscopy observations and theoretical calculations of self healing are crucial for future graphene and silicene based device applications, such as sensors, because the properties of the pristine structures, especially the conductance undergo dramatic changes after defect formation and also after the healing process.
Even though formation of defects appears to be undesirable at the first sight, vacancy defects, large holes and their meshes can also be created willingly with the help of external agents in order to modify the properties of graphene and silicene. Carbon and Si atoms surrounding the vacancy or hole have lower coordination and hence have dangling bonds which increase the local chemical activity. [28, 29] Incidently, not only vacancies, but also inhomogeneities in the charge distribution induced by wrinkles on free-standing graphene [30] or by radial deformations on carbon nanotubes [31] were shown to enhance chemical activity locally.
Owing to the increased chemical activity, single foreign atoms can adsorb at the defected site. Even specific molecules can dissociate into constituent atoms, which, in turn, saturate the host atoms with lower coordination [32] [33] [34] [35] [36] . In particular, the dissociation of H 2 O and H 2 is of crucial importance for hydrogen economy, [37] [38] [39] [40] even though the interaction of these molecules with pristine graphene and silicene are rather weak. The oxidation of graphene followed by the adsorption of O adatoms is of particular interest, because an almost reversible oxidation-deoxidation mechanism leading to a continuous metal-insulator transition is possible. [41] [42] [43] [44] The interaction between O 2 and pristine graphene or silicene is very weak, but the adsorption of O atoms at the vacancy sites following the dissociation of O 2 appears to arXiv:1410.8730v1 [physics.chem-ph] 31 Oct 2014 be a precursor of oxidation of these single layer honeycomb structures. [45] The interaction of CO molecule with graphene has been also a subject of interest for fabrication of gas sensors or filters. [46] Recently, the coverage of monolayer structures by physisorbed O 2 and H 2 O molecules has been shown to lead also significant enhancements in optical and electronic properties. [47, 48] In this paper we investigate the interaction of H 2 , O 2 , CO, H 2 O, OH molecules with graphene and silicene at the single vacancy sites. We start with the analysis of the vacancy in the absence of external molecules and show how it reconstructs and forms chemically active sites. Then, we introduce these molecules above the reconstructed vacancy site at a distant height and perform structure optimization calculations for different heights to reveal their dissociation or bonding mechanisms. In this respect, this study is unique since the interaction between single vacancy site and various molecules are studied in a wide range of distances. We find that H 2 , O 2 and CO molecules can dissociate around defects. For H 2 and O 2 , their constituent O and H atoms are bonded readily to the atoms surrounding the vacancy. Upon the dissociation of CO molecule, the vacancy defects are healed and electronic as well as magnetic properties are dramatically modified. Under certain circumstances, CO can adsorb as a molecule without dissociation. On the other hand, H 2 O and OH remain intact and stay attached to the vacancy site as a molecule.
METHOD
We performed first-principles calculations using spin polarized Density Functional Theory within generalized gradient approximation including van der Waals (vdW) corrections [49] . We used projector-augmented wave potentials [50] , and the exchange-correlation potential was approximated by Perdew, Burke and Ernzerhof (PBE) functional [51] . Single vacancy is treated within the periodically repeating supercell method. Brilliouin zones of the (8×8) supercells of graphene and silicene were sampled by 5x5x1 special k-points within the MonkhorstPack scheme. [52] where the convergence of total energies with rescpect to numbe rof k-points was tested. This corresponds to a rather fine grained sampling. A plane-wave basis set with energy cutoff value of 550 eV was used. For all structures and adsorption geometries, atomic positions and lattice constants were optimized by using the conjugate gradient method, where the total energy and atomic forces are minimized. The energy convergence value between two consecutive steps was chosen as 10 −5 eV. To investigate the interaction between H 2 , O 2 , CO, H 2 O, OH molecules and defected graphene or silicene, we carried out the following calculations: First, the molecule is placed at a distant height (z) from the va- cancy site for various fixed lateral (x, y) positions and subsequently they are lowered step by step by performing structure optimization through the minimization of the total energy and atomic forces. Initially, a molecule can be trapped or physisorbed in a shallow minimum at the height h p above the defect site, where it may become weakly bound by the vdW interactions or it may stay inert. As the molecule is brought closer to the vacancy site, there may be a barrier at a critical height h c . If the molecule is further away from h c , it goes away from the surface or becomes trapped at h p . However, as soon as the molecule gets closer than h c , it is attracted towards the defect site by chemical interaction forces and moves even closer to dissociate or to adsorb as a molecule. We define the energy barrier for dissociation or molecular adsorption as the difference between the total energy values of molecule (M)+defected graphene or silicene layer (L) optimized at h c and at h p ; namely,
E B > 0 indicates that there is barrier preventing the molecule to approach the defected site in order to set up relatively stronger chemical bonds eventually leading to dissociation or molecular adsorption. The dissociation energy is calculated as the difference between the total energy of the molecule+defected layer optimized at h p and the total energy of the defected layer with constituent atoms (A) of molecules adsorbed at the defect site, i.e.
In the case of molecular adsorption, the adsorption energy
or E a >0 implies that the dissociation or molecular adsorption is an exothermic process (See 1). It should be noted that E d differs from the dissociation energy of the free molecule into its constituent atoms. In all of the calculations periodic boundary conditions are used within the supercell geometry and the vacuum spacing between graphene or silicene layers in adjacent supercells is taken as 15Å. Numerical calculations were carried out using VASP software [53] .
RESULTS AND DISCUSSIONS

Reconstructions of single vacancies
The reconstructions of single vacancies in graphene and silicene, which were observed in recent experimental works [18] [19] [20] and treated in theoretical studies [24] , establish the starting point of our study. To minimize vacancy-vacancy coupling, one single vacancy is created in each (8 × 8) supercell of pristine graphene and silicene.
Subsequently, lattice constants and the atomic positions in the supercell were optimized using self-consistent field conjugate gradient method. The final reconstructed geometries are presented in 2 for graphene and silicene, respectively. As the defected structures reconstruct, they shrink and the atoms reorient themselves to close the hole of the vacancy. However, these reconstructions are not sufficient to completely heal the vacancy defect owing to the missing atom. For graphene, the atoms around the vacancy reconstruct in an asymmetric way, such that two of the three atoms around the vacancy get closer to each other relative to the third atom. Then two different second neighbor distances, 1.93Å and 2.55Å are distinguished. Hence, while the interatomic distances AB and AC in 2 (a) remained very close to the second nearest neighbor distance of pristine graphene, the distance between B and C atoms is reduced and becomes comparable with the first nearest neighbor distance. At the end, one atom at the edge of the defect becomes two-fold coordinated while the rest of the atoms remain three-fold coordinated. This geometrical asymmetry also leads to an asymmetric distribution of magnetic moments in the lattice and the ground state of graphene with single vacancy acquires a net permanent magnetic moment. On the other hand, the atoms in silicene with single vacancy defect reorient themselves to display a three fold rotation symmetry; three atoms around the vacancy move towards the center of the defect and ground state becomes nonmagnetic. The interatomic distances AB, AC and BC are all equal to 2.74Å. They are much smaller than the second nearest neighbor distance(3.93Å ) of pristine silicene, but close to its first nearest neighbor distance 2.27Å. Under these circumstances, A, B and C atoms can be viewed as fourfold coordinated despite two of their bonds are slightly longer than the remaining two. Nonetheless, both the heart type asymmetric reconstruction of graphene vacancy and the symmetric reconstruction of silicene vacancy create chemically active sites. In the next section, we will show that the interaction of adsorbates with graphene or silicene at the vacancy site acquires crucial features owing to these chemically active sites.
Dissociative adsorption at the vacancy of graphene and silicene
Initial and final atomic configurations leading to the dissociative adsorption of H 2 , O 2 and CO at the vacancy site of graphene and silicene are presented in 3. Hydrogen molecule is initially placed parallel to the graphene plane at various locations around the vacancy defect. It remains intact as long as the perpendicular distance between the molecule and the graphene layer is greater than ∼1.3Å . Only a weak vdW interaction of 93 meV occurs between the molecule and graphene [54] . For weakly in- teracting H 2 and defected graphene, the magnetic moment is 1 µ B . However, if the molecule gets closer than h c =1.3Å to graphene by overcoming a barrier of E B = 0.82 eV, an attractive interaction between the vacancy site and H atoms sets in and the molecule starts to be drawn towards the defect. As the molecule approaches to the plane of graphene, each H atom starts to move toward the dangling C atoms located around the defect. While the two-fold coordinated C atom is strongly bonded to graphene and remains undetached, one of hydrogen atoms of H 2 starts to get further away from the other H atom to form a new bond with this C atom. As for the second H atom, it is adsorbed to a second C atom surrounding the vacancy. In the final configuration, the distance between two hydrogen atoms increases to 1.47Å, which is more than twice the H-H bond length of 0.7Å in H 2 molecule. This way, the dissociation of H 2 molecule is achieved as shown in 3(a). The asymmetric arrangement around the reconstructed vacancy disappears, since the three-fold coordination of C atoms around the vacancy is approximately satisfied upon the saturation of dangling bonds by constituent H atoms of dissociated H 2 . At the end, all the C-C distance around the vacancy become approximately equal. Under these circumstances, the net magnetic moment of the bare reconstructed vacancy diminishes. This is a remarkable effect of the dissociation of H 2 , which should be detected experimentally.
While O 2 molecule is normally inert to pristine graphene, it is attracted by the vacancy site once it overcomes a small energy barrier of E B =0.15 eV at about h c =2.45Å above the plane of graphene. The O-O distance, that is normally 1.2Å in the O 2 molecule, increases to 1.6Å as it approaches to the vacancy. Eventually, O 2 dissociates and the constituent O atoms are bonded to C atoms around the defect as shown in 3(b). Again, the atomic configurations at the defect site is modified and consequently the ground state changes into the nonmagnetic state.
At about h c ∼ 3Å above the surface, the attractive interaction between the defected graphene and CO positioned parallel to the surface is only ∼100 meV. At this position the magnetic moment of the defected graphene (1 µ B ) is conserved. Once it overcomes an energy barrier at h c =1.56Å, CO is attracted towards the vacancy by a relatively stronger chemical interaction and eventually is bonded from its carbon end to the two-fold coordinated C atom around the vacancy. If CO molecule is released from a height relatively closer to the surface (for example 1.50Å) CO dissociates. While the constituent C atom heals the vacancy by completing the perfect hexagon of C atoms, other constituent, namely O atom forms a bridge bond (C-O-C) above the two nearest neighbor C atoms of the hexagon as shown in 3(c). At the end of the dissociation process the magnetic moment of the defected graphene is diminished. Notably, due to its asymmetry the initial location and orientation of CO molecule relative to the surface is crucial for its dissociation or adsorption as a molecule at the vacancy site. Similar to graphene, H 2 , O 2 and CO molecules dissociate readily at the vacancy sites of silicene, as shown in 3(d),(e) and (f). The dissociation process of H 2 starts once it overcomes a barrier of E B =1.3 eV at the critical height h c 1.1Å above the plane of silicene. Upon dissociation of H 2 , two constituent H atoms are bonded to Si atoms at the edge of the vacancy from the top sites. In this respect, the bonding geometry is reminiscent of the dissociative adsorption of H 2 at the vacancy site of graphene. However, a different situation occurs when O 2 dissociates at the vacancy site of silicene. Firstly, the energy barrier is rather low (E B =0.05eV) for O 2 and the range of attractive interaction is rather long. Secondly, the constituent O atoms are adsorbed at two different bridge sites. This adsorption geometry is reminiscent of oxidized pristine silicene which leads to monolayer honeycomb structure of silicatene. [45] Finally, once overcame an energy barrier, CO molecule is also attracted towards the vacancy site of silicene. Carbon atom of the molecule tends to complete the hexagon having five Si atoms by substituting the missing Si atom. As for the constituent O atom of CO, it forms a bridge bond between the substituted C atom and nearest Si atom. This way the dissociation of CO is finalized as shown 3(f).
In 4 the relevant stages in the course of the approaches of H 2 , O 2 and CO from distant heights summarize energetics related with the dissociations of these molecules. For H 2 and O 2 at the vacancy site of graphene in 4 (a) and (b), once a relatively small energy barriers are overcame, the total energies drop gradually as the molecules are dissociated. The dissociation processes are exothermic and the dissociation energies are E d =4.82 eV and 4.95 eV, respectively. In 4 (c), the energy barrier for the dissociation of CO is E B = 3.95 eV. Then the dissociation energy per CO molecule is E d =6.26 eV. On the other hand, the energy associated with the molecular adsorption of CO to the two-fold coordinated carbon atoms at the vacancy site of graphene is E a =1.78 eV.
Different stages are distinguished in the dissociation of H 2 and O 2 at the vacancy site of silicene in 4 (d) and (e). For example, in the course of dissociation of H 2 at the vacancy site of silicene, the total energy first gradually decreases similar to that of the energy of H 2 on graphene. Then comes a stage where energy remains almost constant in which the H 2 molecule aligns itself at the top of the missing bond of the silicene. During this period, H 2 doesn't move in the perpendicular direction but it rather rotates and moves in a horizontal plane. Once H 2 gets between the two two-fold coordinated Si atoms at the vacancy site, the total energy starts to drop once again and the dissociation of H 2 is completed. In this exothermic process the dissociation energy is calculated to be E d 2 eV.
The dissociation of O 2 at the vacancy site of silicene displays also different stages. In addition to the above stages seen in the dissociation of H 2 , in the last stage two Si-O bonds reorient themselves to form two bridge bonds as seen in 4(e). This final step manifests itself in the energy plot as a stepped topology. The energy associated with the dissociation of O 2 , which results in two Si-O-Si bridge bonds around the vacancy is E d =8.54 eV. These bridge bonded oxygen atoms are common to the oxidation of pristine silicene, which appears to be the energetically most favorable absorption geometry. It should be noted that O 2 is more prone to dissociate at the vacancy site as compared to H 2 . This situation is attributed to the higher electronegativity of O (3.44) relative to that of H (2.20) according yo the Pauling scale. Oxygen atoms tend to form Si-O or C-O bonds rather than O-O bond. This property is reflected to the energy released after the dissociation process. We note that the oxidation of graphene is of current interest due to almost reversible oxidation-deoxidation process with continuous metal-insulator transition promising potential device applications [44] . In view of the fact that the interaction between O 2 molecule and graphene or silicene is weak and hence does not render dissociation on pristine structures, chemically active sites around the vacancy provide suitable medium to nucleate the process of oxidation. In the dissociation of CO at the defected site of silicene the barrier and dissociation energies are E B = 4.36 and E d = 2.42eV , respectively. In I we summarize the calculated values of critical energies and structure parameters associated with the dissociation or adsorption of H 2 , O 2 and CO molecules. As a final remark of this section, we note that even if H 2 and O 2 are initially positioned parallel to graphene and silicene surfaces at different sites above the single vacancy, their orientations undergo a change as soon as they start to interact with the vacancy. However, the initial orientation of an asymmetric molecule like CO can be crucial for the final state.
Charge density analysis
The total charge densities at the close proximity of the single vacancy defect together with the incoming molecule is examined in the course of dissociation. In 5 we present the variation of the total charge distribution as H 2 molecule dissociates at the vacancy site of silicene. Note that similar trends are also observed in other dissociation processes examined in this study. Once an energy barrier is overcame and an attractive chemical interaction sets in between the H 2 molecule and silicene, the molecule starts to approach the defect site and concomitantly it reorients itself parallel to the missing bond. Subsequently, one of H atoms of H 2 is attracted first by one of the two fold coordinated Si atoms at the defect site to establish the Si-H bond. The charge transfer from H 2 to this Si-H bond weakens the H-H bond. Eventually, the second constituent H atom is drawn by another Si atom around the vacancy to form the second Si-H bond. This way, the dissociation of H 2 is completed. Meanwhile, the reconstructed configuration of the Si-Si bonds around the vacancy changes to be close to the ideal configuration. We note that the gradual changes in the charge density distribution and atomic configuration in the course of dissociation process show that the dissociation of molecules is attained by the concerted action of atoms and bonds at the close proximity. This is why the energy barrier for dissociation is rather low.
Electronic structure
Electronic structures of graphene and silicene having a single vacancy (1V) in the (8 × 8) supercell before and after the dissociation of H 2 and O 2 are presented in 6. Because of supercell geometry, the translational symmetry is maintained and the states related with the vacancy generate energy bands E( k) which are periodic in the reciprocal space. In reality, the vacancy gives rise to the localized (resonance) defect states in the band gaps (band continua) of graphene and silicene. Nevertheless, the coupling between defects treated within the supercell geometry is reduced and consequently the related energy bands are flattened as the distance between defects increases. In 6, the states related with vacancy are singled out for the low dispersion of their bands.
The states of the reconstructed bare vacancy of graphene show hole-like behavior. In the periodic structure of the vacancy of graphene, linearly crossing bands split, but the structure becomes metallic and magnetic, whereas silicene with a reconstructed bare vacancy in each (8 × 8) supercell is nonmagnetic and semiconductor with a small band gap. The saturation of low coordinated host atoms around the vacancy of graphene and silicene by constituent H atoms following the dissociation of H 2 renders the structure semiconductor. Additionally, the magnetic moment of the reconstructed bare vacancy of graphene is diminished to zero. In the case of single, isolated vacancy defect, while bands of graphene and silicene continue to cross linearly at the Fermi level, the localized (resonance) states derived from C-H or Si-H bonds are located in the conduction and valence bands. Owing to the high electronegativity of the adsorbed O atoms, significant amount of charge is transferred from graphene to the adsorbed O atoms and the Fermi level is lowered. Because of the Si-O-Si bridge bonds, the resulting electronic structure formed following the dissociation of O 2 at the vacancy site of silicene displays a different band structure, where oxygen-related bands occur slightly above and below the Fermi level. The electronic structure following the dissociated CO on defected graphene, where the defect is healed and constituent O atom forms bridge bond is also presented.
H2O and OH molecules
In contrast to H 2 , O 2 and CO, the energy barriers for the dissociation H 2 O and OH molecules are rather high and hence these molecules are prevented from dissociation into constituent atoms. Earlier it has been reported that water can dissociate at defective sites in graphene or carbon nanotubes following many possible reaction pathways some of which need to overcome high activation barriers. [35] . Instead of dissociation, OH molecule prefers to be adsorbed at the vacancy site of graphene through its oxygen end with a binding energy of E a =4.21 eV. Notably, the binding energy of OH to pristine graphene is only 0.97 eV. [55] Similar to OH molecule, specific atoms or macro molecules, which are otherwise inert to pristine graphene and silicene can form rather strong chemical bonds at the vacancy site.
CONCLUSIONS
In conclusion, we revealed the increased chemical activity of host atoms with low coordination at the vacancy sites of graphene and silicene. Furthermore, we presented a detailed analysis of the effects of these chemically active sites on the adsorbed molecules. We showed that by overcoming a relatively small energy barrier, hydrogen and oxygen molecules can dissociate at the vacancy site. Upon dissociation, constituent H atoms saturate twofold coordinated host atoms surrounding the vacancy and cause significant changes in electronic and magnetic properties. Although O 2 cannot be dissociated on pristine graphene and silicene, the vacancy site enables the dissociation and hence nucleates the oxidation of these single layer structures. The energy barrier for the dissociation of CO is relatively higher. However, the molecule is prone to dissociation once it overcomes this barrier. While constituent C atom tends to heal the vacancy defect, oxygen atom forms bridge bond. Our charge density analysis reveals the concerted action of host atoms together with adsorbed molecules in the course of dissociation, which lowers the potential barrier for dissociation. Finally, we note that H 2 O molecule is inert to graphene and silicene whereas OH molecule is adsorbed at the vacancy site with a significant binding energy. Present study indicates that graphene and silicene can be functionalized by creating meshes of single vacancy, where specific molecules can be either dissociated or pinned at the vacancy site. Resulting superstructures may render physical and chemical properties depending on the size and symmetry of meshes. In particular, biological macromolecules which are otherwise inert to pristine graphene and silicene can be bonded to the chemically active sites and eventually they become pinned to the surface. The superstructures produced by the meshes [56] of vacancies, where selected macro molecules are pinned can attain diverse functionalities for various technological applications. We believe that the dissociations of molecules at the defected sites and the resulting changes in the electronic properties will promise further sensor applications.
